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Abstract

We quantified the changes in abundance of inducible nitric oxide synthase (iNOS) and associated
tissue signal transduction pathway elements (STPEs) in the bovine liver in response to lipopolysaccha-
ride (LPS) challenge and further assessed the impact on the LPS-driven variable responses as affected
by daily treatment with recombinant growth hormone (GH) prior to LPS challenge. Twenty-four cross-
bred beef steers were divided into GH-treated (recombinant bovine GH, Monsanto Inc., St. Louis, MO;
0.1 mg/kg BW, i.m., daily for 12 days) and non-GH-treatment (control) groups (n = 12/group). Liver
biopsy samples were obtained from all animals at 0, 3, 6, and 24 h after LPS challenge (E. coli 055:B5,
2.5 �g/kg BW, i.v. bolus) for Western blot analyses of iNOS and STPEs. In response to LPS, tissue
levels of iNOS increased significantly (P < 0.001) in the first 3 h and persisted at levels greater than
those at time 0 until 24 h. GH further augmented levels of iNOS at 0, 3, and 6 h resulting in an overall
significant increase in the iNOS protein level (P < 0.01). AKT/protein kinase B (AKT/PKB) phospho-
rylation levels at time 0 were not different between GH-treated and control animals; LPS increased the
phosphorylation of AKT/PKB with GH treatment stimulating a four-fold further increase of AKT/PKB
phosphorylation. Effects similar to those on AKT/PKB were also observed on signal transducer and
activator of transcription 5b (STAT5b). The family of mitogen-activated protein kinase (MAPK)
showed different pattern of response. ERK1/2 phosphorylation increased 3 h after LPS challenge but
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only in GH-treated group (P < 0.01). Compared to 0 h, SAPK/JUN phosphorylation increased in both
experimental groups 3, 6 h (P < 0.01), and 24 h (P < 0.05) after LPS. However, at 3 h the increase was
greater (P < 0.01) in GH-treated than in control animals. No effect of LPS challenge or GH treatment
on p38MAPK was observed. These results suggest that GH treatment has a significant impact on the
differential activation of STPEs in the clinical response to LPS.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Over the past few years, exogenous growth hormone (GH) treatment has been explored as
one potential adjunct for managing the catabolic processes that challenge the host response
to infection stress [1,2]. Research suggested that GH might have positive effects on the host
response to infection stress based on reports of improved immune function when GH was
administered to animals [2–4], perhaps in conjunction with more efficient elimination of
the pathogen. However, specific concerns about an increased negative outcome associated
with the administration of GH to patients during critical illness [5] as well as poor outcome
in several experimental models [6,7] has prompted a reevaluation and termination of the
practice in clinical scenarios.

The effects of GH are mediated through coordinated changes in gene expression that are
the outcome of interactions between hormone-activated signal transduction pathways and
specific feedback loops. The systemic introduction of inflammatory stimuli as modeled with
the administration of lipopolysaccharides (LPS) to a host, results in a series of coordinated
changes in expression of hepatic genes, many of which participate in the hepatic acute-phase
response. These responses are important in the restoration and maintenance of homeostasis
after injury [8–10] by cytokines released by monocytes and hepatic macrophages in response
to these stimuli. While cytokines stimulate increased expression of one subgroup of hepatic
genes, expression is decreased in another subgroup, referred to as negative acute-phase
reactants [11,12]. Several GH-responsive genes are among the negative acute-phase reac-
tants [11,12], suggesting that factors responding to GH may be specifically targeted during
acute-phase response. The literature documents the extreme situation in a relatively limited
case occurrence of severe illness coupled with GH treatment that resolved with mortality.
There are few data that address the impact of GH administration on host response to the
much more frequently encountered, low-level proinflammatory stress [6]. Few definitive in
vivo studies in cattle were directly aimed at identifying the signal transduction pathways
that may be involved in the proinflammatory response in animals undergoing GH treat-
ment. We specifically focused on the modulation of NO production and the development of
protein tyrosine nitration as a reaction to a low-level LPS challenge [13]. In that study, we
suggested pivotal locations in the host response pathway where GH might have influence on
biochemical components central to the generation of reactants needed to produce tyrosine
nitration in vivo. We also demonstrated the effects of GH administration on components
of the nitric oxide (NO)-generating cascade to account for increase in NO production and
protein nitration after an immune challenge. Liver protein nitration increased more than
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10-fold 24 h after LPS, and an additional two-fold in animals treated with GH before LPS
[13]. The data suggested that an increased production of nitrated protein develops in the
liver during low-level, proinflammation stress, and nitration is increased by GH adminis-
tration through a direct effect on the competing activities of NOS and arginase, modulating
critical control points in the proinflammatory cascade.

The purpose of the present study was to examine in vivo responses of iNOS and the
potential signal transduction pathway elements of bovine liver cells to LPS challenge and
the modification of this response by daily treatment with recombinant GH prior to LPS
administration. Changes in mitogen-activated protein kinase (MAPK), extracellular signal-
regulated kinase (ERK1 and 2), AKT/protein kinase B (AKT/PKB), stress-activated protein
kinase/c-Jun N-terminal kinase (SAPK/JNK), p38MAPK, and signal transducer and activator
of transcription 5b (STAT5b) were studied.

2. Materials and methods

2.1. Animals and experimental design

Animals used in this study were young (7–9 months old), sexually immature
Angus × Hereford calves born and reared at the USDA Beef Cattle Nutrition Location
at Beltsville, MD. Use of LPS and growth hormone was governed by the Investigational
New Animal Drug (INAD) application filed with and approved by the Center for Veterinary
Medicine, U.S. Food and Drug Administration. The USDA Beltsville Animal Care and Use
Committee approved all protocols and procedures for this research. Animals were housed
in individual pens with ad libitum access to feed and water. At the time of use, animals were
in a fully anabolic state, gaining an average of 1.27 kg live weight per day. When used in
study, each calf was acclimated to close human handling and gentle halter restraint in its
own pen; one day prior to immune challenge and blood sampling, a sterile Teflon 23 cannula
(Abbocath-TT, 14 ga., Abbot Laboratories, No. Chicago, IL) was inserted into the jugular
vein and secured in place. Jugular cannula insertion was performed under local anesthesia
using an ethyl chloride topical refrigerant spray (Gebauer Chemical Co., 3 Cleveland, OH).
Following the conclusion of each sampling period, calves were returned to the nutrition
herd.

2.2. LPS challenge, blood sampling, liver biopsy

Experimental protocols previously reported [13] were followed for the LPS challenge
study. In this protocol, animals (n = 24) were divided equally into two groups: GH-treated
(+GH) and non-GH-treated (control or −GH, i.m. injections of placebo vehicle buffer)
calves. GH (0.1 mg/kg BW, i.m., recombinant bovine GH, Monsanto Inc., St. Louis, MO)
was administered for 12 days prior to sampling and LPS challenging. Blood and liver biopsy
samples were collected at 0, 3, 6, and 24 h after LPS administration (n = 6/time point). Three
GH-treated and three non-GH-treated calves were used at each time point.

Lipopolysaccharide (LPS) challenge was imposed by the intravenous administration of
LPS (E. coli serotype 055:B5, Sigma Chemicals, St. Louis, MO, 2.5 �g/kg live weight).
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This level of LPS was previously shown in our laboratory to produce a transient rise in
rectal temperature and an increase in plasma NO [14,15].

Liver tissue samples were obtained under local anesthesia (lidocaine 0.5%, Butler Co.,
Columbus, OH) by intercostal transcutaneous biopsy as previously described in detail
[13,14]. Three 25–30 mg biopsy cores were obtained from each animal using the Tru-
cut biopsy needle (14 ga., Allegiance Healthcare Corp., McGraw Pk, IL) for each animal at
specified time points. Samples were frozen in liquid N2 and stored at −80 ◦C until analyzed.

2.3. Liver tissue homogenate preparation and Western analysis

Liver homogenate was prepared in homogenate buffer containing 10 mM Hepes, pH 7.4;
10 mM KCl; 1.5 mM MgCl2; 0.25 M sucrose; 10% glycerol; 1 mM dithiothreitol (DTT);
protease inhibitor cocktail for use with mammalian cell and tissue extract (Sigma) and 0.05%
Triton X-100. The liver biopsy samples were homogenized in above buffer (1:5, w/v) using
a microcentrifuge Teflon pestle (Kontes, Vineland, NJ) and sonicator. The sonicator was set
at level 3 with 3 × 10 s bursts and 50% pause. All procedures were performed on ice. The
obtained homogenates were briefly centrifuged at 4 ◦C for 2 min at 16,100 × g to eliminate
the debris. The collected homogenate was aliquoted and stored in liquid N2 until analyzed.

Homogenate proteins were separated for identification by standard SDS-polyacrylamide
gel electrophoresis (SDS-PAGE) using 10–20% gradient Tris-glycine gels (Invitrogen,
Carlsbad, CA) under the reducing conditions as suggested by the manufacturer. Pre-stained
molecular weight standards (SeeBlue-plus2, Invitrogen) were included. Separated proteins
were eluted from the gels and transferred to pure nitrocellulose membranes (Protran, 0.2 �m,
Schleicher & Schuell, Dassel, Germany) by semi-moist electro-transfer. Non-specific bind-
ing of reagent antibodies to the nitrocellulose matrix was blocked by incubating membranes
with 5% fat-free dry milk in PBS for 1 h prior to incubation with antibodies specific to each
desired protein (1:1000 diluted in PBS plus 0.1% Triton 100). Western blot analyses were
performed using anti-iNOS antibody (BD Biosciences, San Diego, CA), anti-AKT/PKB,
anti-phospho-AKT/PKB, anti-phospho-MAPK family antibodies (Cell Signaling Technol-
ogy, Beverly, MA), anti-STAT5b, and anti-phospho-STAT5b (Santa Cruz Biotechnology,
Inc., Santa Cruz, CA). Membranes were then washed five times with PBS containing 0.1%
Triton 100. Secondary antibody (Immuno-Pure, anti-mouse-IgG or anti-rabbit-IgG conju-
gated with horseradish peroxidase, Pierce Biotechnology, Rockford, IL; 1:25,000 diluted
with PBS) was added and incubated for 1 h. Membranes were washed five times with
PBS and 0.1% Triton 100. Immunoblots were exposed to SuperSignal West Pico Stable
Peroxide solution with luminol/enhancer (Pierce Biotechnology) according to the man-
ufacturer’s instruction. Western blots were then scanned and analyzed using NIH Image
software (National Institutes of Health, Bethesda, MD) to quantify the density of the
bands.

2.4. Statistical analysis

Data were statistically analyzed by one-way analysis of variance using GraphPad Prism
4.00 for Windows (GraphPad Software, San Diego, CA, USA). Data are presented as
mean ± S.E.M.
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Fig. 1. Protein level of iNOS in liver cells after LPS challenge (E. coli, 055:B5, 2.5 �g/kg, i.v.) in control (−GH)
and GH-treated (+GH) calves. Western blot of liver homogenates of the 24 individual calves are presented with
the respective times and treatment groupings indicated by the horizontal lines (panel A). Values summarized in the
panel B represent the mean ± S.E.M. scanned OD for each group of three calves sampled. aP < 0.01 and bP < 0.05,
indicated time point vs. time 0 h in the same group; **P < 0.01, control (−GH) vs. +GH; *P < 0.05, control (−GH)
vs. +GH.

3. Results

3.1. GH augmented the level of iNOS induced by LPS challenge

The effects of LPS and GH treatment on iNOS as determined by Western blot are pre-
sented in Fig. 1. Administration of LPS to calves resulted in a significant increase (P < 0.01)
in iNOS protein level in liver cells (Fig. 1) indicative of the development of the immuno-
logical proinflammatory response. In control animals, iNOS level increased 3 h after LPS
challenge and maintained an elevated level at 6 and 24 h. LPS challenge in GH-treated
animals also resulted in a significant increase in iNOS protein content in liver homogenates
(P < 0.01) which reached a peak at 3 h after LPS treatment; the level of GH-associated
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Fig. 2. AKT/PKB phosphorylation in control (−GH) and GH-treated (+GH) calves after LPS challenge. Western
blot of liver homogenates with anti-AKT/PKB and anti-phospho-AKT/PKB antibodies (panel A). The 24 individual
calves are presented with the respective times and treatment groupings indicated by the horizontal lines. Values
summarized in the panel B represent the mean ± S.E.M. scanned OD for each group of three calves sampled.
aP < 0.01 and bP < 0.05, indicated time point vs. time 0 h in the same group; **P < 0.01, control (−GH) vs. GH
treated (+GH); *P < 0.05, control (−GH) vs. GH treated (+GH).

induction was still maintained past 3 h though it decreased slightly, compared to 3 h, at
6 and 24 h. The ANOVA indicated that the effects of LPS and GH to increase the iNOS
protein level were significant over time (P < 0.01). In comparison to control animals, GH
augmented levels of iNOS protein at 0, 3, and 6 h and resulted in an overall significant
increase in the iNOS protein level (P < 0.01).

3.2. GH augmented the LPS-induced phosphorylation of AKT/PKB

In looking into the possible mechanisms through which immune challenge affects
GH actions on signal transduction elements, the serine/threonine kinase AKT/PKB was
studied with regard to its activation by examining the phosphorylation attributes using
specific anti-phospho-AKT/PKB antibody (Fig. 2). In GH-treated animals and control
animals the phosphorylation was detectable at 3 h after LPS challenge (P < 0.05), but
in GH-treated animals, AKT/PKB was significantly phosphorylated at 3 h after LPS
challenge (P < 0.01). The phosphorylation of AKT was eliminated at 6 h after the LPS
challenge.
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Fig. 3. Differential response of STAT5b protein level and phosphorylation. Western blot of STAT5b and phospho-
STAT5b. The 24 individual calves are presented with the respective times and treatment indicated by the horizontal
lines. Loading control: SimpleBlue (Invitrogen) stained identical SDS gel.

3.3. Differential response of STAT5b protein level and phosphorylation

Fig. 3 shows the Western blots of STAT5b and phospho-STAT5b in the liver cell
homogenates from GH-treated and control animals. Fig. 4 summarizes the quantified results.
Compared to 0 h, LPS challenge increased protein levels of STAT5b in control animals at 3
and 6 h (P < 0.05) and in GH-treated animals at 3, 6, and 24 h (P < 0.01). However, the mag-
nitude of the increase at each time was significantly higher (P < 0.01) in GH-treated than
in control animals. On the other hand, the phosphorylation of STAT5b showed a different
temporal pattern between GH-treated and control animals. As summarized in Fig. 4, in both
experimental groups the phosphorylation of STAT5b increased after LPS administration
and reached highest level at 3 h, thereafter decreased but still remained higher, compared
to 0 h, in GH-treated group (P < 0.01). At each time after LPS challenge, however, STAT5b
phosphorylation level was greater in GH-treated than non-treated animals (P < 0.01).

3.4. Differential response of mitogen-activated protein kinases family

The family of MAPK, ERK, SAPK/JNK, and p38MAPK showed very different patterns
of response in the liver of cattle after LPS challenge. ERK1/2 were phosphorylated in
response to LPS challenge in GH-treated animals (P < 0.001) at 3 h after LPS challenge and
were dephosphorylated at 6 and 24 h (Fig. 5). There were no significant changes in control
animals. SAPK/JNK responded to LPS in both GH-treated and control animals (Fig. 6). The
phosphorylation of SAPK/JNK increased in both experimental groups (P < 0.01) but was
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Fig. 4. (A and B) Quantified data for STAT5b protein level and phosphorylation. Values summarized in the graph
represent the mean ± S.E.M. scanned OD for each group of three calves sampled. aP < 0.01 and bP < 0.05, indicated
time point vs. time 0 h in the same group; **P < 0.01, control (−GH) vs. GH treated (+GH); *P < 0.05, control
(−GH) vs. GH treated (+GH).

greater (P < 0.01) in GH-treated than in control steers 3 h after LPS challenge. In both groups,
the highest response was observed 3 h after LPS administration and then phosphorylation of
SAPK/JNK decreased to initial phosphorylation value at 0 h. Phosphorylation of p38MAPK

showed no temporal response to LPS challenge in both groups (Fig. 7). The magnitude of
the animal-to-animal variability in phosphorylation of P38MAPK, however, was much higher
than variability observed in response of other proteins tested in this study.

4. Discussion

In the present study, we examined the expression of iNOS and the activities of potential
signal transduction pathway elements in cattle liver cells in response to LPS challenge
and the modification of these responses by daily treatment with recombinant GH prior to
LPS challenge. We demonstrated that: (i) GH treatment prior to LPS challenge augmented
LPS-induced iNOS content in cattle liver cells and (ii) affected several potential signal
transduction pathway elements involved in the mediation and regulation of NO-generating
cascade. Firstly, these observations suggest possible mechanisms through which GH may
enhance immune response to mild bacterial infection in cattle. Secondly, they may be helpful
in interpretation of previously reported increases in NO production and protein nitration after
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Fig. 5. The temporal response of ERK1/2 to LPS in GH-treated and control animals. Western blot of liver
homogenates with anti-ERK1/2 and anti-phospho-ERK1/2 antibodies (panel A). The 24 individual calves are
presented with the respective times and treatment groupings indicated by the horizontal lines. Values summa-
rized in the panel B represent the mean ± S.E.M. scanned OD for each group of three calves sampled. aP < 0.01,
indicated time point vs. time 0 h in the same group; **P < 0.01, control (−GH) vs. GH treated (+GH).

immune challenge in cattle treated with GH [11]. Nitric oxide is a free radical produced
from the catalytic oxidation of the guanidino group of l-arginine by NOS. Nitric oxide
has been shown to have a number of important biological functions, including tumor cell
killing, host defense against pathogens, vasodilatation, and neurotransmission [16]. Nitric
oxide produced by the constitutive forms of NOS, endothelial and neuronal NOS, functions
principally as a vasodilator and neurotransmitter, respectively. The third form of NOS,
inducible NOS (iNOS), is generally not present in resting cells but is induced by various
stimuli, which include bacterial LPS, tumor necrosis factor-� (TNF-�), interleukin (IL1�),
and interferon-gamma (IFN-�) [17,18]. In contrast to the constitutive forms of NOS, iNOS
is regulated at the level of transcription. Increased expression of iNOS has been associated
with disorders as diverse as septic and hemorrhagic shock, and chronic infections.

The effect of GH on LPS-induced NO production was examined in our previous report
[13]. Growth hormone significantly augmented NO production in LPS-challenged young
cattle liver due to the increase in NOS isoform activity. Although the increased expression of
iNOS in the liver in response to GH is well characterized, the intracellular signaling pathways
that mediate this effect have not been identified. Here, we present data that GH and LPS
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Fig. 6. The temporal response of SAPK/JNK to LPS in GH-treated (+GH) and control (−GH) animals. Western blot
of liver homogenates with anti-phospho-SAPK/JNK (p-54/46) (panel A). The 24 individual calves are presented
with the respective times and treatment indicated by the horizontal lines. Density of Western blot was corrected
with loading control. Values summarized in the panel B represent the mean ± S.E.M. scanned OD for each group
of three calves sampled. aP < 0.01 and bP < 0.05, indicated time point vs. time 0 h in the same group; **P < 0.01,
control (−GH) vs. GH-treated (+GH) animals.

induction of iNOS is associated with activation (phosphorylation) of ERK1/2, SAPK/JNK,
but not p38MAPK. Intracellular signaling molecules belonging to JAK2-STAT5b pathway
and AKT/PKB are also activated or augmented by GH treatment. The pattern of iNOS
expression determined by Western blot presented in this study closely fits the temporal
development of protein nitration and plasma concentration of NOx (nitrate + nitrite) as a
measure of NO production in control and GH-treated calves as observed in our previous
study [13].

A known main regulator of iNOS gene expression is the transcription factor NF-�B, a
DNA-binding protein important for the regulation of various genes involved in immune
and inflammatory responses [19]. Phosphorylation of NF-�B inhibitory protein (I�B) at
the two serine sites by I�B kinase (IKK)-� and � is in most cases the key step in NF-�B
activation. AKT/PKB, a serine–threonine protein kinase which regulates the activation of
IKK-� and � phosphorylation, is known to promote cell survival [20]. The phosphoinosi-
tide 3-kinase (PI3K)-AKT/PKB pathway also suppresses LPS-induced inflammation and
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Fig. 7. The response of p38MAPK to LPS in GH-treated and control (−GH) animals. (Panel A) Western blot of
liver homogenates with anti-phospho-p38MAPK. The 24 individual calves are presented with the respective times
and treatment groupings indicated by the horizontal lines. Density of Western blot was corrected with loading
control. Values summarized in the panel B represent the mean ± S.E.M. scanned OD.

coagulation in endotoxemic mice [21,22]. AKT/PKB has emerged as the focal point for
many signal transduction pathways, regulating multiple cellular processes such as glucose
metabolism, transcription, apoptosis, cell proliferation, angiogenesis, and cell motility. In
addition to acting as a kinase toward many substrates involved in these processes, AKT/PKB
forms complexes with other proteins that are not substrates, but rather act as modulators of
AKT/PKB activity and function [23,24]. In this study, GH stimulated the phosphorylation of
AKT/PKB molecules in vivo at the early stage of LPS challenge, indicating the involvement
of AKT/PKB in the augmentation of LPS-induced iNOS-NO in bovine liver cells. Since
this is the first such observation in large domestic animals, we do not know what exact role
AKT/PKB may play in the increased production of NO. This is certainly not straightfor-
ward question that can be answered in this experiment. More in vitro experiments utilizing
cultured cells with specific inhibitors of AKT/PKB as well as specific antibodies are needed.
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Intracellular signaling molecules belonging to JAK2-STAT5b pathway are activated by
GH [25]. STATs proteins comprise a family of transcription factors latent in the cyto-
plasm that participate in normal cellular events, such as differentiation, proliferation, cell
survival, apoptosis, and angiogenesis following cytokine, growth factor, and hormone sig-
naling. STATs are activated by tyrosine phosphorylation, which is normally a transient
and tightly regulated process [26]. STAT5b is downstream of GH signaling [27,28]. The
JAK-STAT signaling pathways do not usually function autonomously; rather, they are reg-
ulated by a vast array of intrinsic and environmental stimuli. These complex mechanisms
of regulation can add plasticity to the transcriptional output in a specific cell or tissue [27].
Diverse protein kinases, including several MAPKs, phosphorylate STATs on serine residues,
allowing additional cellular signaling pathways to potentiate the primary STAT-activating
stimulus. Similarly, it is possible that additional sites of regulated serine phosphoryla-
tion or other posttranslational modifications may regulate attenuation of STAT activity
[29,30]. In this study, a noteworthy result was the discrimination between increases in pro-
tein level and phosphorylation of STAT5b after LPS challenge and GH treatment. It may
reflect the dual functions of STAT5b, one as a transcription factor that requires increasing
amount of protein when it is activated and one as a signaling molecule that is activated by
phosphorylation.

Utilization of particular signaling pathways in regulating cellular function or inducing
gene expression appears to be dependent on, among other factors, the type of stimulus and
cell examined [31]. The MAPKs are a family of serine/threonine protein kinases widely con-
served among eukaryotes and activated by a variety of environmental stresses, inflammatory
cytokines, growth factors, and G protein-coupled receptor agonist. This family includes the
MAPK/ERKs signaling cascade; SAPK/JNK and p38MAPK [32,33]. The MAPKs have been
shown to activate a number of transcription factors, including activator protein-1 (AP-1),
activating transcription factor (ATF)-2, cAMP-responsive element binding protein, NF-�B,
certain members of the Ets family [34,35] as well as activating transcription of iNOS [31].
Stimulating, inhibitory, and neutral roles for the MAPKs have been reported in signaling
gene expression, including that for iNOS. For example, both ERK1 and 2 were shown to
be necessary for iNOS induction by IL-1�. In contrast, ERK played a neutral role in iNOS
induction by either TNF-� plus IL-1� in astrocytes [36] or IFN-� plus LPS in glioma cells
[37]. Correlation of activation (phosphorylation) of ERK1/2 and JNK/SAPK with increases
of iNOS expression in GH-treated animals after a single LPS challenge indicates that LPS
and GH induction of iNOS may be modulated by ERK1/2 and JNK/SAPK. There is no
significant relation between the induction of iNOS and p38MAPK activity, indicating that
p38MAPK pathway may not be involved in this particular situation. However, the magnitude
of the animal-to-animal variability was much higher for p38MAPK than for other proteins
we have tested. We speculate that the variability of phosphorylation of p38MAPK might
reflect the sensitivity of individual animals to either LPS or GH. Nevertheless, these data
suggest an important role for MAPK pathways in modulation of signaling by GH using the
JAK-STAT signaling pathway.

GH is classically thought of as an anabolic peptide hormone within the context of the
endocrine system. However, recent evidence supports a role for GH acting as a cytokine in
the immune system under conditions of stress, counteracting immunosuppression by gluco-
corticoids. Lymphoid cells express the GH receptor, which belongs to the cytokine receptor
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superfamily, and immune tissues can produce GH, suggesting an autocrine/paracrine mode
of action for GH. GH can act as a cytokine, promoting cell cycle progression of lymphoid
cells and preventing apoptosis [38]. While the knockout mouse models argue that GH does
not play a major role in the development of the immune system, there is ample evidence
for a role of GH and its receptor in immune modulation (see review and references therein
[38]). Our previous report and the present data provide evidence further supporting the
concept that GH modulates NO production and the development of protein tyrosine nitra-
tion as a reaction to a low-level LPS challenge in vivo, and that GH is able to activate
signaling pathways similar to those used by cytokines, such as PI-3 kinase, AKT/PKB, and
MAPK pathways. The data of the presented study suggests for the first time that many of
the immuno-modulatory functions of GH are mediated through differential effects on the
signal transduction elements studied herein and that these functions may be dynamic in
that there appears to be a temporal component to the order of activations through which the
various signal transduction elements are affected.
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